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A description is given of a proposed method of measuring the 
heat conductivity of oxide cathode coatings over a broad tempera- 
ture interval (100~ ~ K). 

MOSt r e s e a r c h  re la t ing  to oxide-coated  cathodes is  
concerned with the study of t he i r  e l ec t r i ca l  p rope r t i e s .  

However, as our  invest igat ions  have shown [1-3],  
the question of the t he rma l  r eg ime  of an oxide-coated  
cathode may play a l a rge  pa r t  in the elucidation of 
many impor tant  p rob lems  bear ing  on the physics  and 
applicat ions of such devices ,  notably those concerning 
the form of the pulsed cur ren t -vo l t age  c h a r a c t e r i s t i c s  
and sparking in the sa tura t ion  reg ime .  

So far ,  the l i t e r a tu re  lacks re l i ab le  data on a very  
impor tant  the rmal  p a r a m e t e r  of oxides,  namely,  t he i r  
heat conductivity, and the data repor ted  by different  
authors  differ  by more  than th ree  o r d e r s  [4-9] .  

On the one hand, th is  is  due to the insufficient ac-  
cu racy  of the Pengel ly  method [7, 9] commonly used 
to measu re  the heat conductivity (see below), and, on 
the other,  to an e r r o r  of a more  fundamental n a t u r e -  
fa i lure  to allow for the high degree  of t r anspa rency  
of oxide m a t e r i a l s  with respec t  to the emiss ion  of the 
metal  base .  What usual ly  happens is  that the surface  
t e m p e r a t u r e  of the l aye r  is  measured  e i ther  by pyro-  
me t r i c  methods [4, 5], which is  imposs ib le  since such 
measu remen t s  give a t empera tu re  c lose  to the core  
t empera tu re  [10, 3], or  by means of a thermocouple  
embedded in the oxide [8], which is l ikewise impos-  
s ible  in view of the d i rec t  radia t ive  t r a n s f e r  between 
the core  and the thermocouple  through the a lmost  
t r a n s p a r e n t  oxide l aye r .  

We have studied the heat conductivity of the oxide 
coating in exper iments  which form a continuation of 
a s e r i e s  of invest igat ions  [1-3] into the t he rma l  r e -  
gime of the oxide-coated  cathode.  

EXPERIMENTAL METHOD 

There  a re  two known methods of determining the 
heat conductivity of oxide coatings:  the Pengel ly 
method [7] and the Weston method [6]. 

Exper ience  in measur ing  heat  conductivi t ies  by 
the Pengel ly  method convinced us that  this  method is 
inaccura te  and difficult  to apply. The bas ic  e r r o r  here  
is  connected with the fact that  the heat flux pass ing 
through the oxide i s  de te rmined  as  a smal l  d i f ference 
between two la rge  quanti t ies ,  the fluxes d iss ipa ted  by 
the cathode a s s e m b l i e s .  

The Weston method is  much e a s i e r  to apply. How- 
ever ,  Weston ' s  shor t  note provides  no theore t i ca l  ba -  
s is  for  his method and gives a value of the heat  con- 
ductivi ty at only one t empe ra tu r e  1000 ~ K. As will  be 

shown below, at th is  t empera tu re  the measured  heat 
conductivity does not c h a r a c t e r i z e  the oxide ma te r i a l .  
Accordingly,  in the course  of our  work we found it 
n e c e s s a r y  to put Weston 's  method on a p rope r  bas i s ,  
expand the t empe ra tu r e  in terval  of the measurement s ,  
and, finally, introduce some significant modif icat ions .  

Exper imenta l  specimens.  Two types of vacuum 
specimens  were  invest igated.  In the f i r s t  type the 
oxide l aye r  was compressed  between a nickel  disc 
and a nickel cy l inder  (Fig. l a ) .  The oxide l aye r  was 
deposited on the disc and on the core  by spraying or  
ca taphores i s  [15]. The disc was p re s sed  against  the 
cyl inder  by a thin alundum needle,  which could be 
separa ted  f rom the disc during the measurement s  by 
means of a magnet .  The needle ensured the r ig idi ty  
of the system,  and also the agglomerat ion of the oxide 
l a y e r s  deposited on disc and core  during activation of 
the specimen.  The ent i re  a s sembly  was sealed into a 
vacuum tube. The t e m pe r a t u r e s  of core  and disc were  
r e g i s t e r e d  by thin W-Ni thermocouples  (W diam. 100 p, 
Ni--70 p), which were  led out through tungsten pins in 
the tube. 

The construct ion of specimens  of type 2 is  shown 
in Fig.  l b .  In this  case  the oxide was deposited on 
both faces of the nickel disc and on the faces of two 
nickel cy l inders ,  between which the disc was com-  
p r e s s e d .  The p r e s s u r e  could be regulated by means 
of t i tanium spr ings- - the  bas ic  advantage of the second 
var ian t .  Moreover ,  it  was a lso  poss ible  to invest igate  
two l aye r s  of oxide at the same t ime.  The other  de-  
t a i l s  of the construct ion a re  e s sen t i a l ly  the same as 
for  the specimens of type 1. The tubes were  evacuated 
by means of a vacuum pump with simultaneous heating 
of the cy l inders .  Activation was cons idered  complete 
when the vacuum in the tube was s teady at not worse  
than 10-6-10 - 7 mm Hg and the r e s i s t ance  of the oxide 
reached a minimum stable value.  

Method of measur ing  the heat  conductivity. The 
method of measur ing  the heat conductivity on spec i -  
mens of both types is  e ssen t ia l ly  a var iant  of the com-  
para t ive  s t eady-s t a t e  method. 

Let us cons ider  f i r s t  a specimen of type 1 (Fig. l a ) .  
The heat  flux through the oxide f rom the heated lower 
cyl inder  can escape f rom the disc by radiat ion f rom 
i ts  surface and by leakage through the thermocouple .  

The power radia ted  f rom the surface of the disc is  
eas i ly  calculated f rom the Stefan-Boltzmann law: 

Q~ = e.,qi (T) Oo (T~ - -  T~o) Sd, (1) 

where  eNi(T ) is  the emis s iv i ty  of nickel  at the given 
temperature, ~0 is the Stefan-Boltzmann constant, T d 
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Fig. 1. Construction of experimental  specimens of type 1 (a) and type 2 (b): 
1) nickel cyl inder-core  (diam. 8 mm, height 6 ram), 2) core holder, 3) 
ceramin mounting plate, 4) nickel disc (diam. 8 mm, height 3 mm), 5) 
oxide layer,  6) alundumized heaters ,  7) screens ,  8, 9, 10, 11, 12) 
alundum needle, needle guide, weight at tracted to magnet, magnet, and 
spring, respectively,  13)holder,  14, 15, 16)spr ing  guide, cap, and 

titanium spring, T l, T~, T3--thermocouples.  



74 INZ H ENERNO- FIZ ICH I,:SKI I ZHURNA 1, 

fO-s 

f25 

--T 
! 
I 
I 
I 

I 

Q - -  a 

a - -  b 

�9 - -  C 

�9 - -  d 

o m e 

a - -  f 

v - -  g 

o ~ h 

1 
i / 

~  ~ .  , 

J 

i 

~-=~-':~-,- >-~ i 

200 300 ,~,00 500 600 700 800900 I000 

Fig.  2. Heat conduct iv i ty  x ,  W/em �9 deg, of ox ide as a funct ion 
of t e m p e r a t u r e  T, ~ for  spec imens  of type 2: a, b, c, d ) r e -  
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Fig .  3. Heat conduct iv i ty  ~t, W/cm �9 deg, of oxide as  a function 
of t e m p e r a t u r e  T, ~ for  spec imens  of type 1: a) for  no. 15, 
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is the temperature of the disc, T O is the ambient tem- 
perature, and S d is the emitting surface of the disc, 
The leakage through the thermocouple is more diffi- 

cult to compute, since together with the conductive 
component it is necessary to allow for radiation from 
the lateral surface. 

We shall consider a thermocouple wire of radius r 
and length l, one end of which is heated to a tempera- 

ture T h and the other to a temperature T c. The tem- 
perature distribution equation [11] is 

O:T 
a r 2 •  2 =~,o2ars (T i (T ' - -TJ) .  (2) 

Here ~ is the heat  conduct ivi ty  of the thermocouple  
wire ,  e(T) is  the emi s s iv i t y  of the m a t e r i a l  of which 
the thermocouple  is  made,  and T is the t e m p e r a t u r e  
of an e l emen t  of vo lume.  

The boundary  condi t ions  a re  

r h=o = Th; r i*=' = To. 

In tegra t ing  a f i r s t  t ime  and set t ing 

dT l  
I =A, 

d~ lx=~ 

we get 

r h 

4~176 
T 

s (T) (T  4 -  Tj) d T -  A =O. 

In tegra t ing  a second t ime and sa t i s fy ing  the second 
boundary  condit ion,  we get an equation for A: 

r h r h 

t( i l .... A~. 4~,, e ( r ) ( r~  YJ)d r '  i-'dT" 
,, r N  ,) 
T o T 

<3) 

Evaluat ion of the in tegra l  (3) p r e sen t s  no diff icul t ies  
and enables  us to obtain the quanti ty A, which gives 
the exact  value of the heat  flux escaping  through the 
the rrnoc ouple. 

The m e a s u r e m e n t s  were  made in two t e m p e r a t u r e  
in t e rva l s :  293-1273~ 293-77 ~ K. The m e a s u r e -  
merits at low t e m p e r a t u r e s  were  made in o rde r  to 
avoid the effect of rad ia t ion  and to i sola te  the conduc-  
t ive component  of the oxide heat conduct ivi ty .  For  
th is  purpose  the spec imen  was placed in a Dewar v e s -  
sel  with liquid n i t rogen,  and the ends of the t h e r m o -  
couples,  welded to the pins of the envelope, were a l -  
ways at a t e m p e r a t u r e  of 77 ~ K. Ca!eulat ion of the 
heat f luxes f rom (1) and (3) us ing  l i t e r a t u r e  data on 
the heat conduct ivi ty  and emi s s iv i t y  of tungsten  and 
nickel  [12-14] showed that at 650 ~ K and above the 
heat  flux through the oxide escapes  ma in ly  due to r a -  
diat ion f rom the disc and in ca lcu la t ing  the oxide heat 
conduct ivi ty  it is  poss ib le  to use the flux given by Eq. 
(1)o At 250 ~ K and below the heat  escapes  main ly  as a 
resu l t  of conduct ion through the thermoceuple ,  and 
to compute the heat conduct ivi ty  of the oxide at these  

t e m p e r a t u r e s  it is poss ib le  to use,  as in [11, the s i m -  
ple formula  

A'x~ • A T/ /~  5;x • A T ! • S, "~ To:d. (4) 

I 

0 50 /00 150 200  250 d 

Fig. 4. ~Apparent ~ heat conductivi ty 
~t, W / c m  �9 at 1000 ~ K as a func-  
t ion of the l ayer  th ickness  d, m i c r o n s .  

Here ~<W and ~Ni,  ~t0 a r e  the heat conduct iv i t i es  of 
tungs ten  and nickel  and the oxide, respec t ive ly ,  l w 
and lNi a re  the lengths of the thermocouple  leads,  AT 
is  the t e m p e r a t u r e  drop along the thermoeouple ,  S w 
and SNi a re  the c r o s s - s e c t i o n a l  a r e a s  of the t h e r m o -  
couple wi res ,  AT 0 is  the t e m p e r a t u r e  drop at the ox- 
ide, d is  the th ickness  of the layer ,  and S o is the 
c r o s s - s e c t i o n a l  a r ea  of the oxide l aye r .  In the reg ion  
f rom 250 ~ to 650 ~ K it i s  poss ib le  to use  fo rmulas  (1) 
and (3) together .  

We note that  for  oxides the i n t e rmed ia t e  reg ion  
250~ ~ K (as wil l  follow f rom the subsequent  d i s -  
cuss ion)  i s  of no specia l  i n t e r e s t .  The re fo re  mos t  of 
the data on the heat conduct ivi ty  of oxides obtained in 
this  r e s e a r c h  re la te  to t e m p e r a t u r e s  in  the i n t e r v a l s  
100~ ~ and 650~ ~ K, the in t e rmed ia t e  reg ion  
being obtained by in te rpo la t ion .  

In m e a s u r i n g  the heat conduct ivi ty  on spec imens  of 
the second type, the t e m p e r a t u r e  of one of the nickel  
cy l inde r s  and the disc  is  kept the same with the aid of 
f i l aments  and the r e su l t ing  t e m p e r a t n r e  drop between 
the second cy l i nde r  and the disc  is  m e a s u r e d .  In this  
case the heat  flux pas se s  only through one l a y e r  and is  
radia ted  f rom the l a t e ra l  sur face  of the d isc .  S i m i l a r -  
ly, the heat  flux can be made to pass  through the o ther  
l aye r  of oxide onlyo Then the ca lcu la t ion  of the power 
radiated f rom the disc is exact ly the same as in the 
method descr ibed  above.  

EXPERIMENTAL RESULTS AND DISCUSSION 

High-temperature component of heat conductivity. 
At high temperatures the heat can be transported 

through the oxide layer in several ways: by electro- 

magnetic radiation, by conduction through the oxide 
grains (photons), by molecules of residual gas, and by 

conduction e lec t rons~  
During the m e a s u r e m e n t s  the vacuum in the tubes  

was not worse  than 5 " 10 -7 m m  Hg. At such p r e s s u r e s  
the values  obtained for  the heat  conduct ivi ty  a re  not 
g r e a t e r  than 10 -11 W / c m  �9  i . eo ,  the re  is p r a c -  
t i ca l ly  no heat  t r a n s f e r  by res idua l  gas.  

The heat conduct ion due to the e l ec t ron  gas in the 
pores  can be es t imated  us ing  the W i e d e m a n n - F r a n z  
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No. of 
speci-  

m e n  

1 

2 

4 

21 

14 

15 

18 

11 

20 

25 

26 

27 

Oxide and method 
of depos i t ion  

(BaSrCa)CO3,  

spraying 

(BaSrCa)CO 3 , 

spraying 

(BaSr)COa, 
spraying 

(BaSrCa)COa + 7 %0 Ni 
f o r m a t e ,  ca taphores i s  

(BaSrCa)COa,  spraying 

(BaSrCa)COa,  
c a taphores is  

(BaSrCa)CO a + 7% Ni 

f o r m a t e ,  ca taphores i s  

(BaSr)CO a 

spraying 

(BaSrCa)COa,  
ca taphores i s  

(BaSrCa)COa,  

spraying 

(BaSrCa)COa,  

spraying  

(BaSrCa)COa,  spraying,  
i n t ense  bak ing  

I n v e s t i g a t e d  S p e c i m e n s  

Thickness  
of 

layer,II 

310 

250 

IO0 

20O 

50 

150 

80 

100 

upper  300 
lower  25 O] 

upper  7 0 
lower  120 

upper  100 

lower  170 

upper  150 
lower  100 

Spe Value of~,  
m, W/cm �9 deg 

ty [  at ~ 300" K 

1 5 .3 .10  -6 

1 2 . 1 0  - ~  

1 2 . 5 . 1 0  - 6  

1 2 , 5 " 1 0  - ~  

1 4 . 1 0  - ~  

1 1 . 5 . 1 0 - 5  

1 7 . 1 0  - ~  

1 7 .10-6  

2.5. iO-a 
2 2'  IO -5 

6 , 3 .  I O- -~ 
2 4 .4 .10 -6 

3 .10-~ 

2 5. IO - ~  

2.10 -5 
2 1.2.10-~ 

Density  
~f layer  
g / c m  3 

1.1 

1.3 

2.5--.3 

1.7 

.5--3 .t 

.5--3.1 

,0--2  ,~ 

1.4 

1.3 

2 .0 - -3  .O 

E x p o n e n t  
in 
�9 ,~T m 

3,0  

3 ,2  

4.0 

2.2 

3 .4  

3.6 

2.7 

4.8 
4 ,8  

3.0 
4 ,0  

3.6 

4 .4  

Apparent  heat  
c o n d u c t i v i t y  
W / c m  �9 deg, 
at 1 0 0 0  ~ K 

1 .12 .10-4  

10-4 

4 ,2 .16 -5  

1.17" 10 -5  

7 .2 .10 -5  

4.2- 10-:, 

4. IO--~ 

2 .5 .10  -4  

1 ,7 .10-q  

2.10 -~  

5.10 -5  

3 ,3 .10 -~ 
7 ,2 .10 -5 
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law. The electr ical  conductivity at 1273 ~ K is 2 -3  x 
x 10 -2 ohm -1 - cm -1, which corresponds to a heat con- 
ductivity of about 6 �9 10- ~ W/cm �9 deg, i . e . ,  not more 
than one order  below the heat e o n d u c t i v i t i e s  obtained 
in our experiments at 1273 ~ K. We shall show that at 
high tempera tures  of 650~ ~ K the main role in 
heat t r ans fe r  through the oxide is played by electro-  
magnetic radiation (photons) passing through the al- 
most nonabsorbing layer  Of oxide from the heated 
nickel e lectrodes.  

We shall consider the extreme case when between 
the heated electrodes at temperatures  T 1 and T 2 there 
is no oxide at all. In this system the radiative t ransfer  
is actually determined by the reduced emission coeffi- 
cient [16] 

el~2 

where el and e 2 a re  the emission coefficients of the 
electrodes.  It is usual in such cases  to introduce a 
quantity ~eff  the so-called "effective" or  "apparent" 
heat conductivity, by writing formally the equation 

AT 
ered = cr o (T? - -  T~) S = • --~i-- S. (5) 

Assuming that AT = T 1 - T 2 is small as compared 
with T 1 and T2, from (5) we get the following equation 
for the effective heat conductivity: 

• = 4~oered T~d" (6) 

The formula gives the cor rec t  order  of magnitude of 
the effective heat conductivity, close to that obtained 
in our experiments (Figs. 2, 3), and also the depen- 
dence of the conductivity observed at high tempera-  
tures  on the thickness of the layer  (Fig. 4). Moreover,  
formula (6) explains (Figs. 2, 3) the observed expo- 
nential cha rac te r  of the temperature  relation ~r 
Indeed, ~eff  ~ T3 8red, and since ered ~ T, ~r ~ T4; 
however, in our experiments the exponent is close to 
4 only on average (see table). A simple study of this 
kind is inadequate to account for this deviation. Qual- 
itatively, however, it shows that at high temperatures  
we have to deal mainly with heat t ransfer  due to elec-  
t romagnetic radiation through a weakly absorbing lay-  
er  of oxide. The low absorption in the oxide layer  was 
to be anticipated from general considerations, since 
the oxide is a semiconductor with a broad forbidden 
band ot about 4 eV [17]. Although absorption in the ox- 
ide is low, scattering of radiation in such a highly 
dispersed layer  plays an important part .  Analogous 
behavior is character is t ic  of visible light in a layer  
of snow or powdered glass: it is strongly scattered, 
but only weakly absorbed. 

In [1-3] we succeeded in estimating the coefficients 
of absorption and scattering of radiation in a layer  of 
oxide. It was found that at cathode working tempera-  
tures  the absorption coefficient is close to I cm -1, 
i . e . ,  really small, while the scattering coefficient 
is 200-300 em -1. 

A more precise  examination of the problem of the 
passage of radiation through an oxide layer  compressed 
between two heated electrodes can be made on the ba- 
sis of a solution of Schuster 's  equation [18, 1]. How- 
ever, it turns out that such an examination does not 
lead to qualitatively new conclusions. Therefore,  a 
more detailed study of the high-temperature component 
of heat conduction does not make much physical sense. 
This is not always c lear ly  understood, and frequently 
the apparent component of conductivity is taken as the 
true heat conductivity of the material  and used unjus- 
tifiably in thermal  calculations. 

Low-temperature component of heat conductivity 
of oxides~ Measurements at 100~ ~ K excluded the 
possible influence of radiation from the nickel elec-  
t rodes on the low-temperature component of the heat 
conductivity. Therefore,  this component was condi- 
tioned by the vibrations of the oxide crysta l  lattice, 
and it may be called the "true" value in the sense that 
it charac ter izes  the oxide and at the same time is not 
a character is t ic  of the system used for measuring the 
heat conductivity. Prec ise ly  for this reason, the low- 
temperature  component, as distinct from the high- 
temperature  component, does not depend on the thick- 
ness of the oxide layer .  On the other hand, a su rpr i s -  
ing feature is the extremely small magnitude of the 
low-temperature  component and the spread, over an 
order,  of its absolute values. Since the oxide usually 
has a porosity of about 70-90%, we can attempt, us-  
ing data on the heat conductivity of such single c rys -  
tals as CaO and MgO [19], to take into account the 
high porosi ty according to known formulas for  the heat 
conductivity of two-phase systems [22-24]. Not one 
of these formulas gives values oi the heat conductivity 
approaching the measured value of ~4. The discrepan-  
cy is 2 -3  orders .  This discrepancy may be under-  
stood if we assume that the contacts between grains 
play a dominant role in the thermal res is tance of the 
oxide layer .  It then also becomes possible to under-  
stand the observed spread of the data with respect  to 
absolute magnitude of the heat conductivity, since 
this depends not only on the total porosity but also 
on the size of the grains, their  shape, the contact 
area between grains, and so on. It is c lear  that with 
increase  in the density of the oxide its heat conduc- 
tivity must increase .  This dependence was observed 
in our experiments,  part icular ly with specimens of 
type 2-- layers  deposited by eataphoresis  or  specially 
baked on (specimen no. 27) have the greates t  heat con- 
ductivity as compared with the other layers  (see table). 

The values obtained for the low-temperature  com-  
ponent enabled us to est imate the ratio of contact di- 
mension and grain size. Shlykov [20] examined the 
problem of the passage of heat through a system con- 
sisting of a set of cylinders of height h and radius r 0 
in contact with each other at a point of the base. The 
contact is a spot of radius a (a < r0). The heat conduc- 
tivity of such a system is expressed by the formula 

Xm(1 --  p) 
• ~- 1 -1- ~ (ro/a) ~ r2/4ha " 
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Here ~s  and ~m are  the heat conductivities of the 
system and the material ,  p is the porosity, ~(r0/a } 
is some function whose graph is given in ~ l y k o v ' s  
paper and which, for ro/a  ~ 50, is very  close to 1. 
Assuming ~t m = 1.5 �9 10 -1 W/cm �9 deg, p = 0.8, and 
r 0 not very  different f rom h, we get ro/a  = 102-103. 

The data obtained for the low-temperature heat 
conductivity make it possible to estimate the true 
heat conductivity at working temperatures ,  the quan- 
tity usually of chief interest  in the analysis of cath- 
ode thermal  regimes .  

The heat conductivity at cathode working tempera-  
tures  of 1073~ ~ K is not very  different from the 
value at low temperatures  (300 ~ K). It is known that 
the heat conductivity of solid solutions, such as cath- 
ode oxides, var ies  only slightly at temperatures  
above the Debye temperature .  Moreover, recent di- 
rect  measurements  carr ied  out by another method 
[21] have shown that the true heat conductivity of the 
oxide varies by not more  than a factor of 2 for a 
change in temperature  f rom 300 ~ to 900 ~ K. It may 
be assumed that the measured values of the heat con- 
ductivity at 300 ~ K presented in the table correspond 
to the true values at cathode working temperatures  
cor rec t  to a factor  2. 

In conclusion, I consider it my duty to express my 
thanks to B. Ya. Moizhes for his guidance and also 
to V. Ya. Frenkel and B. M. Mogilevskii for valu- 
able advice. 
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